Crustal heat source
Young (Pliocene to Quaternary) granite plutons have been identified as the primary heat source in the southern Tuscan geothermal areas including Larderello-Travale and Monte Amiata (Brogi 2008b; Frondini et al. 2009; Gianelli et al. 1997 Gianelli et al. , 1988 . These acidic intrusive bodies belong to the Tuscan Magmatic Province (Innocenti et al. 1992 ) and can be linked to the extensional tectonic setting in the region (Brogi 2008b) . They appeared as from the Middle Miocene in Corsica to the Late Pleistocene in the Tuscan region (e.g. Dini et al. 2005; Peccerillo 1999 ). They are non-uniformly distributed and emplaced at various depths, leading to rather large differences in surface heat flow (100-1000 mW/ m 2 ; Bellani et al. 2004 ) in this inner Northern Apennine area. A correlation between the depth of this heat source and a high-amplitude seismic reflector (called K horizon) has been described, among others, by Bellani et al. (2004) , Cameli et al. (1993 Cameli et al. ( , 1998 , Gianelli et al. (1997) , Liotta and Ranalli (1999) , and Vanorio et al. (2004) . As stated by Liotta and Ranalli (1999) , "this horizon ranges in depth between 3 and 12 km, and can be followed almost continuously from the Tyrrhenian coast to the central part of the Apennines'". The shallowest areas are in the Larderello-Travale and Monte Amiata geothermal areas (Cameli et al. 1993; Gianelli et al. 1997) .
The nature of the K horizon is still unknown, and since its first detection, several geological interpretations have been proposed: 1. a kinematically active rheological boundary which separates a brittle upper part from a ductile lower part (Cameli et al. 1993 ); 2. a kinematic shear belt with entrapped fluids in fractured levels (Liotta and Ranalli 1999) located at the top of the brittle/ductile transition (Bellani et al. 2004 (Bellani et al. , 2005 ; and 3. a contact aureole associated with mineralised breccias and tractites related to a thermometamorphic process in the contact zone between young (Quaternary) intrusions of granite and calcium-bearing silicate rocks (Bertini et al. 2005 ).
The third explanation was stimulated by observations of a contact aureole on the oldest eroded plutons on Elba Island (Dini et al. 2002; Rossetti et al. 2007) . Following this interpretation, the K horizon was created by the intrusion and has the same age and (roughly) the same depth as the intrusion.
The first and second interpretations both assume that there is a shear zone at the K horizon. The second one, however, explains the high seismic reflectivity at the K horizon with the presence of entrapped (highly pressured, supercritical) fluids. Bellani et al. (2005) studied the intersections of extensional shear zones and the K horizon in the Larderello area and found that the K horizon loses its reflectivity at such intersections. They attributed this finding to fluid migration from the K horizon towards the surface along the brittle shear zones. The consequence of this interpretation would be a non-negligible permeability along parts of the K horizon. Interpreting the K horizon as a shear zone also implies that it is not directly related to an intrusion (i.e. a heat source) and was presumably formed by repeated tectonic events over a long period of time. This would imply that since the K horizon is not causatively related to the intrusion, the depth of the heat source is uncertain to some degree.
Although the manner of creation of the K horizon is uncertain, it can be correlated with a certain temperature. In a comprehensive study, Liotta and Ranalli (1999) attribute a relatively narrow temperature range to the K horizon and conclude that the K horizon "follows approximately the 450 ± 50 • C isotherm and is compatible with the expected depth of the brittle/ductile transition for high pore fluid pressures and a wide range of strain rate".
Geological model
The geological reservoir model is constructed assuming a conceptual model based on work by Batini et al. (2003) , Brogi (2006 Brogi ( , 2008a , and references therein. The investigated area is situated in the inner zone of the orogenic belt of the Northern Apennines. It was affected by at least two distinct tectonic phases-compression followed by extension. Compression gave rise to an eastward stacking of various lithological units, ranging from marine and continental sediments to metamorphites. The following units are included explicitly in the geological model (cf. Fig. 2 ):
Pliocene (including Quaternary and Neogene) sediments, accumulated in young graben systems and unconformably overlying pre-Neogene units; (b) Ligurian and Subligurian units, which consist of remnants of the oceanic crust and its marine to pelagic sedimentary cover;
Tuscan Nappe units, which are represented by continental margin deposits (Triassic to Miocene) of the Adria paleomargin, comprising: (c)
Carbonate and pelagic-turbidite successions ("TUaB-Tuscan units above Burano");
The Burano formation, which forms the basal unit of the Tuscan Nappe successions and consists mainly of anhydrite and carbonates; (e)
The deeper Tuscan metamorphic complex, referred to as the Farma formation. Below the metamorphic complex, the prominent seismic reflector, the K horizon, marks the bottom of the model domain. (f )
In the context of this study, the K horizon is treated as an isothermal boundary at the bottom of the model, and the rocks below are attributed to a granitic intrusion.
The compressional stress regime in Tuscany changed to an extensional stress regime during the Miocene (Brogi 2006) , as is indicated by two generations of normal faults (low-and high-angle normal faults) throughout the inner zone of the Northern Apennines. The study area lies in this inner zone and, hence, was affected by these tectonic phases, i.e. compression followed by extension. Integrated studies in the inner zone of the Northern Apennines have suggested that, during the extensional phase, the Tuscan Nappe units formed mega-boudins (e.g. Brogi , 2006 Brogi , , 2008a , "isolated" patches of Tuscan Nappe successions separated from other strata by low-angle normal faults. High-angle normal and transtensional faults reflect the youngest stage of extension, displacing previously developed structures (Brogi 2008b) .
While this hypothesis explains geologic field data, it primarily considers the sedimentary complex above a detachment horizon. The Burano formation reflects the incompetent basal evaporitic layer of the Tuscan Nappe units and served as a detachment layer during the tectonic evolution of the inner zone of the Northern Apennines. Thus, it separates the upper sedimentary complex from the deeper Tuscan metamorphic complex. The metamorphic complex consists of the Monticiano-Roccastrada Unit (MRU) which is usually divided into three sub-units (MRU1-3). From top to bottom, these are The Verrucano unit (MRU3, Triassic), comprising metasandstones and metaconglomerates; a phyllite succession (MRU2, Carboniferous), which consists of graphitic phyllites and metasandstones; and a micaschist group (MRU1). The MRU1 as well as a deeper gneiss complex known from other geothermal areas in Tuscany is not encountered in boreholes close to the study area, but found as xenoliths in Quaternary lavas in the area (van Bergen 1983) . In the context of this study, the Palaeozoic phyllites of the MRU1 and MRU2 are referred to as the Farma formation.
The structural model of the subsurface is constructed by picking reflective seismic horizons along five seismic profiles and three-dimensional interpolation (Thorwart et al. 2015) using an implicit modelling approach implemented in the software 3D GeoModeller (Lajaunie et al. 1997) . High-angle normal faults, inferred from seismic sections and surface geology, are included as structural elements which displace older strata. The assignment of lithological units (a-e) follows the described geological framework and information from surface geology (see Fig. 3 ). Units a-c are considered to be cover units due to their low permeabilities. The Burano unit (d) is the primary (and shallow) geothermal reservoir. Although the Farma unit (e) is part of the metamorphic basement and has a low permeability, Bertini et al. (1995) and Barelli et al. (2010) point out the existence, in nearby areas, of a deep geothermal reservoir within this formation (see the "Petrophysical properties" section for further details). This is referred to in Fig. 3 as the (presumed) deep reservoir.
Surface topography was included based on a digital terrain model (provided by Enel Green Power) with a resolution of 20 × 20 m.
K horizon
The position of the K horizon (see Fig. 4 ), which defines the depth of the heat source, can only be resolved within rather large confidence bounds. The main reasons for the uncertainties are outlined in the following. While some of these issues also pertain to the various rock units of the model, the focus here is on the heat source which is the single most important constraint of the geothermal reservoir and is a feature common to other Tuscan geothermal reservoirs.
Some of the major lithological units, and the K horizon, can be identified by interpretation of the reflection seismic profiles. However, the strength of the refection signal varies considerably along the profiles with local ambiguities and offsets (Riedel et al. 2015) . Similar phenomena have been observed in other seismic profiles which resolve the K horizon where "multiple reflections and complex appearance due to interconnecting reflections, refractions, and diffraction" have been reported (Gianelli et al. 1997 ).
Further, since only five crisscrossing seismic profiles are available, additional uncertainty arises regarding the shape of the K horizon through interpolation between the profiles and extrapolation towards the borders of the study area.
Even if one had excellent reflectors, the assignment of the depth positions of the lithological layers would only be possible with correct information on their seismic velocities (Thorwart et al. 2015) . A seismic depth migration analysis of the time-recorded reflection signals leads to uncertainty in position that increases with depth. The K horizon in the study area is deeper than 5 km, and the uncertainty in determining its depth given the available information has been estimated to be approximately 300m (Riedel et al. 2015) .
Mathematical model

Balance equations
The conservation of mass of water in a porous/fractured medium is accounted for in steady state with the equation:
(1) ∇ · (̺v) = 0. Ligurian units fill accumulation spaces between separated patches of the Tuscan Nappe unit. The Monticiano-Roccastrada Unit (MRU) has not been divided into its subgroups and is referred to as the Farma formation. The so-called deep reservoir, which is part of the Farma unit, is characterised by a high fracture density and, hence, permeability. It is assumed that it does not extend to the west of the main fault where a stacking of the MRU and the Burano formation has been inferred from seismic analysis (Thorwart et al. 2015) . Red lines show the locations of Boreholes 1-3, while Locations 4-7 (black lines) represent the shallow wells for which surface heat flow measurements are available Ebigbo et al. Geotherm Energy (2016) where φ is the porosity.
Constitutive relations
Non-linearities in the balance equations stem primarily from the pressure and temperature dependence of the physical properties of water (i.e. density, viscosity, specific Fig. 4 Depth of the K horizon as obtained from reflection seismic signal picking along five depth-migrated, two-dimensional seismic profiles and lateral inter-and extrapolation enthalpy, and thermal conductivity). In the deep part of the reservoir, supercritical conditions for water are reached. The physical properties of water in sub-and supercritical conditions are calculated using the correlations provided by the International Association for the Properties of Water and Steam (Wagner et al. 2000) . It should be noted that the physical conditions that currently prevail in the reservoir do not allow for the existence of two-phase (water/steam) conditions. This is illustrated in Fig. 5 which shows results of the simulations presented in the "Hydrothermal simulations" section. The pressure and temperature conditions at each grid point have been plotted in the figure. There is a continuous transition from liquid to supercritical water with depth. The absence of water vapour is also supported by observations in deep boreholes in the area. As such, a description of the state of the reservoir with a single fluid phase, as is done here, is sufficient.
The thermal conductivity of the rock matrix decreases with temperature. This is included in the model in the same manner as Pasquale et al. (2014) , in which the correlation by Sekiguchi (1984) is applied to northern Italian rocks:
Here, m,0 is the matrix conductivity at 20 • C.
The permeabilities of the rock masses are primarily caused by fractures, which commonly results in a depth-dependent permeability (e.g. Manning and Ingebritsen 1999) , the dependence on depth being caused by fracture sealing due to the overburden pressure. Hence, using the correlation by Wei et al. (1995) , which is supposed to be independent of rock type, permeability is expressed as a function of overburden thickness z b and permeability at the ground surface k 0 : Wei et al. (1995) base their correlation on a large database (Snow 1968) of injection tests comprising eight rock types. The correlation is very similar to, but simpler, than that of
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Fig. 5
Conditions in the reservoir plotted on the phase diagram of water. These are results of the simulations presented in the "Hydrothermal simulations" section. Each grid node is represented with a light grey symbol Jiang et al. (2010) , which allows one to vary the residual aperture (the fracture aperture at very high stress). Unfortunately, this information is not available here, and the correlation by Wei et al. (1995) is deemed sufficient. For a comparison of the two approaches, see Jiang et al. (2010) .
Temperature data
Temperature measurements are available in three boreholes (Boreholes 1-3 in Fig. 3 ) located in the eastern part of the study area. All temperature measurements were carried out with a mechanical or electronic Kuster-or equivalent-device. In Borehole 1, temperatures were measured in static conditions via temperature/pressure logging (Kuster device), i.e. several years after borehole completion. There were also six measurements at bottom hole conducted during breaks in drilling (lasting about 24 h) whenever possible and useful and, mostly, without losses of circulation fluid (i.e. without ongoing thermal disturbances). These temperatures were extrapolated, analysing about 24 h of transient temperature data using the BarPal method (Barelli and Palamà 1981) . Other extrapolation methods [i.e. Horner plot (Horner 1951 ) and Horner-Roux (Roux et al. 1979 )] were applied, but with less reliable results. The extrapolated values fit well with the values recorded with the temperature/pressure log in static conditions.
For Boreholes 2 and 3, in situ temperature measurements were conducted at 336 and 168 h, respectively, after drilling was completed (in 1968 and 1964, respectively) . Measurements carried out after intermediate times demonstrate that the final values can be considered stable. Finally, the precision of static temperature data is estimated to be less than ±2 • C for Borehole 1 and less than ±5 • C for Boreholes 2 and 3.
In four shallow wells (Locations 4-7 in Fig. 3 ), heat flow was determined using either two or four thermocouples installed 10 m apart at the bottom of each borehole. Temperature measurements were conducted periodically over several months, until reaching static conditions. Measurement of the thermal conductivity on cores drilled from the same interval as the temperature measurements allowed the calculation of heat flow. For Boreholes 1-3, heat flow was calculated using the shallowest available pair of temperature measurements and estimated values of thermal conductivity.
Petrophysical properties
The petrophysical properties (porosity, matrix thermal conductivity, and heat production rate) of the reservoir units Burano and Farma have been obtained from borehole log analyses and laboratory measurements on cores and cuttings. These data (borehole logs, cores, and cuttings) were available from three boreholes in the study area. A total of 78 cutting samples were taken from two boreholes (sampling distance 50-100 m) and investigated in the laboratory for grain density and thermal conductivity of the rock matrix. Thermal conductivity measurements on cuttings were performed by a line source equipment following the procedures of Erbas (2001) . In addition, ten core samples were investigated for thermal conductivity by an optical core scanner (Popov et al. 1999) . The core samples also underwent standard investigation for porosity and bulk and grain density.
The objective of log analysis is to provide a detailed characterisation of the reservoir formations with respect to their thermal properties such as the thermal conductivity and radiogenic heat production. Borehole geophysical data are used to derive continuous logs of volumetric rock composition and porosity, serving as input data for the prediction of thermal conductivity. These investigations concentrate on the two reservoir units of the Burano and the Farma formation. Formation evaluation procedures for prediction of rock composition and porosity are based on different methods already in use for oil and gas wells (e.g. Ellis and Singer 2007; Schlumberger 1998; Serra 1984) . These methods have been adapted to the geological reservoir conditions of this study.
The gamma ray is used to differentiate between quartz/feldspar and mica/biotite/chlorite within the Farma phyllites, adapting the standard approach of sand/clay differentiation in siliciclastic sediments. Volumetric rock composition and petrophysical data from laboratory investigation allow one to correct for variations in matrix density and matrix slowness, a parameter used by methods for porosity prediction from density and sonic logs (Wyllie equation). A more sophisticated approach is applied for the Burano formation, solving multi-log/multi-component equations for the components of dolomite, anhydrite, calcite, accessorial ore minerals, and water (Doveton 1994) .
Once the volumetric amounts of the rock components and the porosity have been determined, continuous profiles of thermal conductivity can be generated. Here, we use the geometric mixing law which has been proven to be a good theoretical description of the effective thermal conductivity of a rock/water mixture (Hartmann et al. 2005 (Hartmann et al. , 2008 . The thermal conductivity profiles derived from the logs are calibrated with the laboratory measurements (Fig. 6 ). Using these profiles, statistical values of effective thermal conductivity are calculated for the stratigraphic units of the 3D model.
For the cover units (a-c), almost no log data are available. Porosity and thermal conductivity have been assumed as shown in Table 1 . These are in agreement with literature values from the Larderello area (Bellani et al. 2004; Romagnoli et al. 2010) .
Radiogenic heat production rates for the Burano, Farma, and Ligurian units as well as the TUaB are calculated from gamma-ray logs as given by Bücker and Rybach 1996) . The log profiles of porosity, thermal conductivity, and radiogenic heat production are used to calculate mean values and standard deviations. These model input parameters are summarised in Table 1 .
Permeability
Apart from some very shallow aquifers (not explicitly resolved in the model), the lithological units addressed here are composed of almost impermeable rocks. The Ligurian unit comprises low-permeability shaly flysch and sandstones. Similarly, clayey-marly lithotypes constitute the TUaB. These units act as a cap rock for the shallow geothermal reservoir hosted in the Burano formation Fulignati et al. 2014; Romagnoli et al. 2010) . The primary permeability of the evaporites of the Burano formation is also very low. However, as has been observed in the geothermal aquifers in Larderello (e.g. Romagnoli et al. 2010) and Monte Amiata (e.g. Fulignati et al. 2014 ), a secondary, fracture-induced permeability exists. This can be related to an extended subhorizontal shearing of the Burano formation during the compressional stage followed by steep fractures during the extensional phase. In addition, the Burano formation has been described as vuggy, at least locally, due to calcite dissolution (Fulignati et al. 2014; Lugli 2001) , which may contribute to its high permeability.
The temperature-depth profile in one of the boreholes in the study area, i.e. Fig. 7i , shows a distinct zone with a very low temperature gradient (approximately 0.012 K/m) within the metamorphic basement (similar profiles have also been reported by Barelli et al. (2010) , Ceroti et al. (2015) , and Fulignati et al. (2014) ). This is in contrast to a temperature gradient value of about 0.11 K/m in the shallower parts of the Farma unit. This decrease in vertical temperature gradient could be due to a higher thermal conductivity in that zone or due to convection as a result of higher permeability. Given the thermal conductivity of the Farma unit at this depth of 2.8 W/(m K), the upward heat flux at the location of Borehole 1 is 313 mW/m 2 . If a higher thermal conductivity were indeed the cause of the reduction in temperature gradient, it would imply a thermal conductivity of Instead, it appears more reasonable that there is a deep geothermal reservoir (i.e. a zone of high permeability) within the Farma unit within which convective heat transport reduces vertical temperature gradients. However, it should be noted that the existence of this deep geothermal reservoir is not supported by the reflection seismic data. It is assumed here that it is a zone of interconnected fractures that does not produce a coherent seismic signal. The minimum thickness of this deep reservoir can be estimated roughly from the temperature profiles and its permeability from the sudden decrease in the temperature gradient due to hydrothermal convection in the permeable layer (see Fig. 7i ). As shown in Fig. 3 , it has been assumed that the deep reservoir is only present in the eastern part of the model area and ends at the fault. However, there is no evidence to prove its existence or non-existence west of the fault.
For the hydrothermal simulations presented in the "Hydrothermal simulations" section, the permeabilities of the permeable reservoir rock units have been varied within plausible ranges to find the best fit to the available borehole temperature observations. All permeabilities are shown in Table 2 . The variations in permeability of the reservoir rocks are due to fracture closure with depth [see Eq. (6)]. Laboratory measurements show that the permeability of flysch and sandstones is highly variable and depends on porosity, clay content, micro-fractures, and cementation (observed values range between 10 −12 and 10 −19 m 2 (e.g. Hajto 2015; Pape et al. 2000) ). The Ligurian units in Tuscany show low permeabilities and are known to act as aquicludes (e.g. Baiocchi et al. 2006) . The Ligurian unit is the most important cover of the Burano unit in our study area. The thin Pliocene sediments and the carbonates and pelagic sediments of the Tuscan unit above the Burano are also known to have permeabilities that are at least 50-100 times less than those of the reservoir rocks (Della Vedova et al. 2008) . Therefore, a permeability of 10 −18 m 2 has been assigned to all three cover units, which is about 100 times less than the lowest permeability value of the Burano unit. This cover unit permeability was not varied. Table 2 also shows permeability values used in other modelling studies from both the Larderello-Travale and Monte Amiata areas. A comparison shows that the values obtained from the fitting are within reasonable ranges.
Numerical model
The equations from the "Balance equations" section are discretised in space with a finitedifference scheme. This is implemented in the code SHEMAT-Suite, a simulator capable of modelling steady-state and transient hydro-geothermal reservoirs (Rath et al. 2006; Clauser 2003) .
Model discretisation
The structural model shown in Fig. 3 , of dimensions 23 × 16 × 9 km in E (East), N (North), and Z (depth) directions, respectively, has been discretised with a hexahedral grid with block dimensions of 250 × 250 × 100 m, which yields a total of about half a million grid nodes.
Boundary conditions
At the top of the domain, i.e. at the ground surface, the temperature depends on air temperature and, thus, topography. The average air temperature gradient is estimated as 1 K for 184 m of altitude (Claps et al. 2008) . Assuming that the land surface temperature has the same gradient, shallow-well temperature measurements (ranging between 22 and 41 • C at depths between 147 and 200 m below the ground surface) are used to determine the absolute values of the temperature distribution at the top of the domain. Pressure at the ground surface is atmospheric (101325Pa). The implicit assumption here is that the groundwater table and the ground surface coincide.
The K horizon is assumed to represent an isotherm, thus providing a boundary condition at the bottom of the domain. The temperature of the K horizon in the model is varied within the range mentioned in the "Background" section and in accordance with Liotta and Ranalli (1999) , i.e. 450 ± 50 • C. However, the maximum value, 500 • C , matched the borehole temperature measurements in the model best. Assuming that the granitic intrusion below the K horizon is impermeable, there is no flow across this boundary. The validity of these assumptions (and bottom boundary conditions) depends on the nature of the K horizon and the heat source. The temperature at the K horizon and its uncertainty estimate are supported by many temperature observations in boreholes. However, it is not obvious whether 1) the heat source has been in place long enough to establish a steady thermal field in the entire model domain; 2) the temperature of the heat source is changing sufficiently slowly to justify the use of a steady-state boundary condition.
The plutonic complex which constitutes the intrusion (i.e. heat source) has been assumed to have built up incrementally 3.8 to 1.3 Ma ago (Dini et al. 2005; Spinelli et al. 2015) . Using 1.3 Ma as the time of the last thermal pulse, a characteristic vertical length scale for thermal diffusion can be estimated 1 at about 7 km. Judging from the depth of the K horizon in the study area (which is between 5 and 8 km), this would imply that the last large intrusion has already affected most of the crust above it. With respect to lateral advective heat transport, a characteristic time scale for this study area is about 0.3 Ma, based on the time a fluid volume needs to traverse the entire domain through the upper reservoir (Burano unit).
2 The regional heat flow anomaly and the K horizon are present in an area significantly larger than the study area, indicating that the heat source itself is of considerable size compared to the model domain. For such a large heat source, cooling on a time scale of 0.3 Ma can be neglected. On the assumption of negligible permeability at and below the K horizon, a temperature of about 400-550 • C agrees, in many areas of the world, with the maximum depth of seismicity in crustal rocks and is associated with the brittle/ductile transition zone (e.g. Ito 1999 ). This motivates the assumption of closure of connected pores and fractures by ductile creep at that depth. However, Pasquale et al. (2010) found a higher cut-off temperature for seismicity (750 • C) in the Tuscan regions with very high heat flow. This finding does not necessarily contradict the concept of having a brittle/ductile transition at a temperature of about 500 • C and may result from extraordinarily quick movements of magmatic intrusions into the crust (Pasquale et al. 2010) .
In summary, the following assumptions have to be made with respect to the nature of the K horizon in order to justify the two boundary conditions at the K horizon: The K horizon is related to a (series of ) large, hot intrusion(s), the last of which is more than 1.3Ma old. Due to the high temperature of about 500 • C at the depth of the K horizon, all connected voids are closed by ductile creep, which results in a negligibly low permeability. The K horizon is possibly a thermometamorphic aureole, and the occurrence of trapped, high-pressure magmatic water in equilibrium with igneous melts is possible. However, this does not affect the assumption of very low permeability since this layer has no hydraulic coupling to the layers above.
The lateral temperature boundary conditions are obtained from a prior simulation of conductive heat transport with no-heat-flow lateral boundaries (top and bottom boundaries as described above). The pressure at the lateral boundaries increases hydrostatically with depth, starting with atmospheric pressure at the top boundary. This means that variation in topography may induce flow through permeable units of the model. Barelli et al. (2010) show borehole data of pressure vs. depth from the Bagnore and Piancastagnaio areas which are southwest and southeast of Monte Amiata, respectively. Both areas exhibit hydrostatic pressure distributions. Although the layers above the Burano formation have a low permeability, on a regional scale, recharge occurs locally at outcrops of the Burano . However, within the model domain considered here, the Burano is always covered by the Ligurian unit and/or the TUaB.
Hydrothermal simulations
Reference model
Based on the reservoir structure, and rock and fluid properties, a reference model is calibrated using the available temperature observations in three boreholes (see Fig. 7 ). A few remarks regarding the calibration are necessary at this point:
1. All three boreholes (1-3) used for the calibration are located in the eastern part of the study area (see Fig. 9 for their locations). Hence, the results of the simulation are less reliable in the western area which is still actively being explored. 2. While Boreholes 1 and 3 give very good fits to the measured temperatures, the fit is not as good for Borehole 2. This is primarily as a result of the location of Borehole 2 in a corner of the structural model (see Fig. 9 ). Due to relatively poor seismic quality, interpretation of the shallower sedimentary units was difficult. The interpolation of the structural model fitted a compromise model between seismic and borehole log data. In this case, the boundary between the shallow geothermal aquifer and its cover unit is not accurately captured by the structural model at the location of Borehole 2.
The steady-state temperature distribution in the calibrated model in Fig. 8 reflects the general conductive heat flow from the 500 • C isotherm at the K horizon to the surface. Advective heat transport occurs in the shallow and deep reservoir due to the regional groundwater flow and free convection. As such, the distribution of temperature is primarily influenced by the depth of the K horizon in the area and the direction and magnitude of fluid velocities. It should be noted that since the lateral temperature boundary conditions do not account for the effect of advective/convective heat transport (see the "Boundary conditions" section), this inevitably introduces a local inconsistency in the temperature distribution near the boundaries where advection/convection is relevant (see Fig. 8 ).
Lateral flow through the domain occurs mainly in the Burano formation due to its relatively high permeability (see Table 2 ). The general direction of flow is from NE to SSW as driven by the pressure gradient due to topographical variation. This can be seen in Fig. 10 which shows the Darcy flow at a depth 1 km below sea level and topography. In reality, the direction and magnitude of this regional flow can only be expected to be influenced by the regional trend in topography (through reservoir outcrops). There is a prominent outcrop, and recharge area, of the geothermal reservoir unit a few kilometres northeast of Monte Amiata (e.g. Fulignati et al. 2014) . Note that Monte Amiata is northeast of the study area. The thermal springs in the Saturnia area, which lie south of the study area , have been attributed to one of the main outflows of the shallow geothermal reservoir (e.g. Duchi et al. 1987; Guastaldi et al. 2014; Piccini et al. 2015) . Hence, the NE to SSW lateral flow through the geothermal reservoir within the considered model domain is in accordance with the expected direction of regional flow of geothermal water in this area.
The specific surface heat flow is a typical near-surface observation which aids in the exploration of geothermal fields. In theory, it provides integral information of all the vertical heat transport processes from the heat source (i.e. the K horizon) to the surface. However, the shallower the process, the larger its influence on this near-surface measurement. Table 3 compares the predicted specific surface heat flow in the model to values measured in seven shallow and deep boreholes. Note that these measurements were not used to calibrate the model. The model is able to reproduce the trend in specific surface heat flow, though it tends to overpredict the values at the various locations. However, there are relatively large lateral fluctuations in the modelled surface heat flow of about 50 mW/m 2 (see Fig. 11 ). These are similar in magnitude to the average error calculated in Table 3 .
The surface heat flow map is characterised by a distinct difference between the regions west and east of the major fault as well as smaller-scale variations and fluctuations (Fig. 9) . These characteristics can be explained with the following points: Fig. 8 Steady-state temperature distribution in the simulation domain. The K horizon is shown as an isosurface of 500 • C near the bottom 1. The depth of the K horizon affects surface heat flow in a general manner (i.e. generally higher heat flow in the east and lower in the west; compare Fig. 4 with Fig. 9 ); 2. The Burano formation is shallower and thicker in the east than in the west. A thick Burano unit of relatively high permeability increases vertical heat transport by advection. This can be seen on the cross-sections A-A ′ and B-B ′ in Fig. 12 which show fluid velocity in the Burano unit. Particularly in B-B ′ , the velocity vectors in the east often deviate from the horizontal, mainly as a result of the shape of the geological layer, but also due to convective flow. As such, the local maxima in surface heat flow east of the major fault correlate with the shallowest parts of the Burano unit (see Fig. 13 ). In the west, however, this correlation does not hold because the Burano is thinner and deeper, and flow velocities are lower (see Figs. 10, 12) since permeability reduces with depth. Hence, the dominant heat transport mechanism in the west is conduction. 3. Variations in topography cause lateral variations in surface heat flow (Stein 1995) . This is not corrected for in the model, yielding small-scale fluctuations in surface heat flow (topography is shown as the colour map in Fig. 10 ).
In Fig. 11 , the processes described in this section have been summarised on the vertical cross-section A-A ′ (see Fig. 9 for its position). Generally, convective flow cells develop Table 3 (Locations 1-7) and the borehole temperature profiles shown in Fig. 7 (Locations 1-3) . The cross-sections A-A′ and B-B′, and selected potential borehole locations I-IV are defined here in the deep reservoir for which this is the most important heat transport mechanism, leading to the low vertical temperature gradient within this zone shown in Fig. 7i . Where the Burano unit is shallow (e.g. around E = 16 km in Fig. 11 ), the simulation model predicts relatively high temperatures very close to the ground surface. As discussed above, such areas are marked by high specific surface heat flows. However, Fig. 11 clearly shows how variations in the depth of the K horizon affect the general subsurface temperature Table 3 Comparison of measured and modelled specific surface heat flow Locations 1-3 are from boreholes east of the major fault (i.e. Boreholes 1-3), while Locations 4-7 are shallow well measurements from the western part of the study area (see Fig. 9 
Fig. 11
Vertical cross-section along A-A′ (see Fig. 9 for its position) showing specific surface heat flow (top) and temperature (bottom). The shaded areas represent reservoir layers of high permeability. In the shallow reservoir, conduction is superposed by topography-driven lateral advection, whereas convection is the dominant heat transport mechanism in the deep reservoir 
Sensitivity study
Based on the discussion in the "K horizon" section on the sources and reasons for uncertainty in depth and shape of the K horizon, several variations of the reference model are proposed here, representing either the extreme cases within the uncertainty range (with respect to depth and temperature) or an equally likely realisation of the shape of the K horizon based on differences in the extrapolation of the seismic data to areas where information is lacking. So-called indicators (i.e. representative model data) are selected to study model sensitivity to these variations.
Selected indicators
Four potential borehole locations (I-IV) have been selected for the purposes of this study (see Fig. 9 for their locations). It is assumed that the potential boreholes would all reach a depth of 3 km below sea level. The corresponding temperature profiles are available from the numerical model (Fig. 14) . These profiles can be used in combination with specific surface heat flow as representative indicators to study the influence uncertainty in temperature, depth, and shape of the K horizon will have on the temperature distribution in the study area. Figure 14 shows that the depth of the K horizon at the location of each borehole differs considerably. It is shallowest at Borehole IV and deepest at Borehole II. Additionally, 
Variations
For the reference model, a K horizon temperature of 500 • C was used. In Variations 1 and 2, this temperature is set to 450 • C and 400 • C, respectively. In Variations 3 and 4, the temperature of the K horizon is kept at 500 • C but the overall position is shifted upwards and downwards by 300 m. Finally, Variation 5 represents a differing interpretation of the shape of the K horizon. The effect of these variations on the temperature-depth profiles in Boreholes I-IV is shown in Fig. 16 . The uncertainty in temperature of the K horizon (±50 • C) 4 yields higher temperature variations than uncertainty in depth (±300 m). At a depth of 1 km below sea level, these result in variations ranging from ±7 to ±15 % of the reference temperatures (which, in this case, lie between 140 and 200 • C). Variation 5, which accounts for uncertainty in the shape of the K horizon, has a small influence on the borehole temperatures considered here. The borehole most affected by this variation is Borehole III which, unsurprisingly, is located within the northwestern area depicted in Fig. 15 where the differences between the depth of the K horizon in the reference case and Variation 5 are significant. Generally, in Boreholes II and III, i.e. those in the west, the differences in temperature between the various scenarios propagate more or less linearly with depth. In Boreholes I and IV, however, the presence of convection in the deep reservoir tends to reduce or buffer the differences in temperature, particularly for the high-temperature scenarios.
The specific surface heat flow at the borehole locations (I-IV) for the various scenarios are listed in Table 4 . These variations result in differences of up to 12 % in Variations 1, 2, and 4 (with one exception, i.e. Borehole II and Variation 2, where the difference is 24 %). The differences are significantly lower in Variation 3, and lowest in Variation 5. This is the same trend as observed in the borehole temperature profiles. It may be worth noting that the differences in specific surface heat flow between the different variations are similar in magnitude to the difference between the observed and modelled surface heat flow (assuming the reference model) shown in Table 3 . 
Discussion
The simulations presented in the "Hydrothermal simulations" section which model the natural state of a geothermal area in Tuscany are assumed to be representative of other Tuscan geothermal reservoirs, with the exception of the steam reservoirs. In particular, a common feature of most geothermal reservoirs in the area is the K horizon. Assuming that the K horizon does indeed represent a constant temperature boundary condition at the bottom of these reservoirs, its depth, shape, and temperature then are defining characteristics of the reservoirs.
In the simulations of the study area, the K horizon dominates the temperature distribution and is one of the strongest indicators for geothermal potential (see, e.g. Fig. 11 ). This statement can be generalised for other Tuscan geothermal reservoirs. Hence, a reasonable effort at delineating the characteristic features of the K horizon appears to be a prerequisite in the exploration of such a geothermal area.
In accordance with this reasoning, the surface heat flow of the study area correlates in a general manner to the structure of the K horizon in that there is a clear demarcation between the areas where the K horizon is relatively shallow (the east) and areas where it is significantly deeper (the west). However, local maxima in the surface heat flow correlate with the shape of the Burano unit (see Figs. 9, 13) within which topography-driven advective heat transport takes place at relatively shallow depths. These maxima in surface heat flow are good indicators of structural highs of the shallow reservoir.
Even if the geometry of the K horizon were relatively well known (e.g. from reflection seismics), a certain degree of uncertainty would persist. In the present study, uncertainties of ±50 • C for the temperature of the K horizon and ±300 m for its depth have been assumed. Even though the former value can be limited by temperature measurements in deep boreholes and the latter value is smaller the shallower the K horizon is, both uncertainties can be regarded as more or less representative for the Tuscan area. Uncertainty in the exact shape of the horizon is more case specific and, in this particular case, does not significantly affect the reservoir studied here.
These uncertainties translate into uncertainty in the potential borehole temperature profiles (Fig. 16 ) and specific surface heat flows (Table 4) , with the uncertainty in K horizon temperature having the biggest impact, followed by uncertainty in depth. This is a reasonable finding for conductive geothermal regimes for which the depth uncertainty is equivalent to an uncertainty in K horizon temperature of about 21 • C (assuming a geothermal gradient of 70 K/km, taken from Borehole II), which is less than half the abovementioned uncertainty in temperature. Interestingly, the values (of both borehole temperatures and surface heat flow) in Variation 3 (shallower K horizon) are comparatively close to the reference case. Convection in the deep reservoir changes the geothermal gradient above it in a manner that is dependent on density differences (and hence pressure and temperature). In the cases studied, uncertainty in temperature and surface heat flow was reduced above the strongly convective layer. Figure 17 compares temperature isolines of the reference scenario and Variation 3. It shows that in the deep reservoir, i.e. the convective regime, the temperature in the borehole depends very strongly on the positions of the convective cells and whether the selected borehole location happens to cross an upflow or downflow region. This makes it more difficult to extrapolate shallow data across such a layer to the K horizon, e.g. when inferring its temperature by extrapolation of borehole temperature profiles.
Obviously, there are other sources of uncertainty which have not been discussed here. For example, uncertainty in the geometry of the various rock units and their permeabilities, particularly the shallow and deep reservoirs, may result in uncertainty in the importance of advection and convection. A good example for this is the stacking of the Burano and Farma units west of the major fault (see Fig. 3 ). In an alternative interpretation by Riedel et al. (2015) , this stacking does not exist. Instead, the Burano unit west of the major fault is considered to be very thick, which may affect the thermal regime in that area. These sources of uncertainty can interact with the sources of uncertainty related to the crustal heat source, and their relative relevance would depend on the question at hand. While the K horizon dominates temperature distribution, uncertainty in the permeability of the geothermal reservoir is essential when considering flow rate uncertainty for a potential exploitation borehole.
For the study area, it is obvious that the region east of the main fault provides a much greater potential for geothermal exploitation than in the west. This is due to (1) the depth of the K horizon (see Fig. 4 ), (2) the thickness and depth of the permeable Burano layer (see Figs. 11 and 13, respectively) , and (3) the presence of a deeper permeable layer in the east (see Fig. 3 ). Nonetheless, profitable geothermal exploitation is possible in the western part, albeit more risky given the lower temperatures in Boreholes II and III (Fig. 14) and their ranges of uncertainty (Fig. 16) . Thus, a better characterisation of the area west of the main fault (i.e. further exploration) seems more necessary than east of it.
Conclusions
A hydrothermal simulation model of the geothermal reservoir in southern Tuscany presented in this article highlights the importance of the position, temperature, and structure of the K horizon in the evaluation of such an area for geothermal use.
Many sources of uncertainty in geothermal exploration are site specific. Uncertainty in depth and temperature of the K horizon is expected to be common to most reservoirs in Tuscany. In this regard, the study predicts the highest degree of uncertainty to stem from uncertainty in the temperature of the K horizon. Temperature measurements in deep boreholes can effectively reduce this uncertainty. In conductive regimes, surface heat flow and temperatures in shallow boreholes also provide relevant information about the K horizon. In the presence of advection/convection, this information is altered.
Lateral advection in relatively shallow reservoir rock layers leads to local maxima and minima in surface heat flow. The presence of a layer within which strong convection occurs strongly increases upward heat transport in the layer and tends to complicate the propagation of uncertainty from the K horizon.
For this specific study area, further exploration of the western part is necessary to increase the probability of a successful geothermal operation in that area.
